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Abstract.  Thermophotovoltaic (TPV) diodes fabricated from 0.52eV lattice-matched InGaAsSb alloys are 
grown by Metal Organic Vapor Phase Epitaxy  (MOVPE) on GaSb substrates.  4cm2 multi-chip diode 
modules with front-surface spectral filters were tested in a vacuum cavity and attained measured efficiency 
and power density of 19% and 0.58 W/cm2 respectively at operating at temperatures of Tradiator = 950 °C 
and Tdiode = 27 °C.   Device modeling and minority carrier lifetime measurements of double heterostructure 
lifetime specimens indicate that diode conversion efficiency is limited predominantly by interface 
recombination and photon energy loss to the GaSb substrate and back ohmic contact.  Recent 
improvements to the diode include lattice-matched p-type AlGaAsSb passivating layers with interface 
recombination velocities less than 100 cm/s and new processing techniques  enabling thinned substrates and 
back surface reflectors.  Modeling predictions of these improvements to the diode architecture indicate that 
conversion efficiencies from 27-30% and ~0.85 W/cm2 could be attained under the above operating 
temperatures.   
 

INTRODUCTION 
 Thermophotovoltaic  (TPV) converters have attracted interest in the field of direct energy 
conversion due to the potential for relatively high efficiency operation with no moving parts.  For 
hot side temperatures of less than 1500oC, greater than 20% thermal to electric efficiency 
requires: (i) Efficient spectral control that reflects below-bandgap photons  back to the radiator 
and transmits above-bandgap photons to the diode1 and (ii) efficient photovoltaic conversion of 
above-bandgap photons to electric power.  The highest reported thermal to electric TPV 
efficiencies, 22% for the 0.6eV InGaAs/InP 2 and 19% for 0.52eV InGaAsSb/GaSb material 
systems, both utilize a front surface plasma/interference filter mounted to the TPV module 2.   
Radiator and diode temperatures are taken to be 950°C and diode temperature of 27°C unless 
otherwise noted.  While 0.6 eV InGaAs diode grown on InPAs buffers and an InP substrate have 
demonstrated the record conversion efficiency, the InGaAsSb material offers a lattice-matched 
alternative grown on a GaSb substrate.  Currently , development work of ~0.5eV InGaAs/InP3 
and InGaAsSb/GaSb4-6 TPV materials is ongoing due to the greater power density expected from 
0.5eV TPV material.    This work discusses theoretical predictions of TPV conversion 
efficiencies at the small module  level of 27 to 30% with power densit ies of ~0.8-0.9 W/cm2 and 
the status of device fabrication and material growth/characterization that has been developed to 
achieve these predictions.  Modeling indicates that the optimum 0.52eV TPV diodes operates 
with minimal dopant near the intrinsic Auger limit and requires negligible  defect recombination 
and a back surface reflector for effective photon recycling and two pass architecture.   
 



 

THEORY AND ASSUMPTIONS 
 The analysis presented here illustrates the limiting effect of Auger recombination on TPV 
diode conversion efficiency, and the competing influences of poor photon recycling and defect-
assisted recombination.  Auger recombination of photogenerated carriers sets a fundamental limit 
to conversion efficiency below the thermodynamic limit, which is determined by the radiative 
heat transfer between the radiator and diode of a given bandgap.7,8    Auger coefficients for low 
bandgap III-V materials (0.5-0.6eV) have recently been measured via minority carrier lifetime in 
the range of 1x10-28cm6/s9,10. 
 The thermal to electric conversion efficiency of TPV is equal to the diode efficiency (electric 
output power to the above-bandgap radiation absorbed in the diode) multiplied by the spectral 
efficiency (above-bandgap radiation absorbed in the diode to the total heat absorbed at the cold 
side).   The optimal diode bandgap, when considering 95-97% reflection of all below-bandgap 
photons is in the range of 0.5 to 0.6eV1 for a 950°C radiator.    Figure 1 shows the measured 
reflection and absorption of today’s 0.52eV front surface filter technology11 corresponding to 
80% spectral efficiency.  Figure 1 also shows an idealized step function reflection assumed for 
the modeling in this work(dashed lines).  The radiator is also assumed to have a uniform 
emissivity of 0.9.  The familiar effective emissivity equation for infinite parallel plates is given as 
equation (1): 
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FIGURE 1.  Angle-of-incidence ( θ  = 11°, 30°, 45°, 60° and 80°) weighted filter reflectance (triangles) 
designed for glue adhesive, but measured in air11.  Filter absorption (solid) is calculated for the actual filter 
design with OptiLayer software.  Measured above band gap transmission of filters is 79% and spectral 
efficiency is 80%.  The performance projections in the modeling studies of this paper assume a step 
function reflectance (15% to 97%) and 3% absorption (87% spectral efficiency).   
 
These effective emissivity and reflection values assumed in the equation (1) correspond to an 
87% spectral efficiency for a 950°C radiator. The integrated above-bandgap transmissivity (T)  
includes the effective cavity emissivity, as wells as, above-bandgap absorption in the filter and is 
equal to T=79%.  Thus maximum short-circuit current density for the 0.52 eV device and 950 °C 
radiator considered here is 3.6 A/cm2  .  
 For the remainder of the discussion, the focus is on the diode efficiency, which can be 
expressed in terms of the following four parameters (FF = fill factor, QE = quantum efficiency, 
Fo = overexcitation factor, and qVoc/Eg = voltage factor, see reference [1]). 



 

G

oc
odiode E

qVFFFQE ⋅⋅⋅=η     (2) 

0.52eV InGaAsSb TPV diodes routinely demonstrate high fill factors of 70%, high QE12, and a 
fixed overexcitation factor of 0.78 for a 950°C radiator.  The limit to open-circuit voltage in a 
photovoltaic diode , VOC, is set by the maximum electrochemical potential energy generated 
under illumination due to the steady-state concentration of electron-hole pairs generated in the 
diode material.  In ideal diode material, with only radiative recombination and no parasitic 
absorption losses to the back contact, the maximum steady-state electrochemical potential in the 
diode, corresponds to the diode-emitted photon flux required to balance the absorbed photon 
flux.1,13,14  In an actual diode, however, the electrochemical potential will be less than this 
thermodynamic limit due to non-radiative recombination in the diode and reduced photon 
recycling with a partially absorbing back contact/substrate .     
 The reduction in maximum voltage due to non-radiative recombination  is analyzed using a 
simple architecture following that of references [7,8].  The architecture assumes light is 
generated in an absorbing p-type volume of width W and a thin n-type region that absorbs 
negligible light (i.e., the diode is a one-sided abrupt junction).  An implicit assumption is that the 
minority-carrier diffusion length is much larger than the width of the absorbing region (i.e., high 
minority carrier mobility).  The simple expressions provide useful bounds for more thorough 
one-dimensional numerical simulations discussed in section 2.4. Under these simplified 
assumptions, the relation between the open-circuit voltage and the electron-hole density for a 
non-degenerate semiconductor is given by 
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where n and p are the electron and hole densities, ni is the intrinsic carrier concentration of the 
material, q is the electronic charge, k is Boltzmann’s constant, and VOC is the open-circuit  
voltage.  At 27°C ni is 7×1013 cm-3 for 0.52eV InGaAsSb as determined via linear interpolation of 
the binary alloy components. 
 Under open-circuit voltage, the steady-state continuity equation under illumination will 
determine the voltage in terms of the light generated current and is thus valid for both high and 
low level injection8,16.  High-level injection refers to the regime where the photogenerated carrier 
concentration (∆n or ∆p) is comparable to the dopant density (ND or NA), whereas low-level 
injection refers to the regime where ∆n << ND or ∆p << NA.  Low-level injection is a common 
assumption as it simplifies analysis since only one type of carrier dictates performance.  
Unfortunately, this simplification cannot accurately predict optimized diodes that are limited by 
Auger recombination of photogenerated carriers.        
 

THERMODYNAMIC LIMIT TO OPEN-CIRCUIT VOLTAGE 
 In terms of radiative recombination rates, the thermodynamic  limit to open-circuit voltage as 
a function of light generated current can be calculated from equations (2-4) via the  Schockley 
van Rooesbroeck equation16 using optical/electrical constants for 0.52eV InGaAsSb and the 
photon recycling factor calculated via Asbeck’s method17.   The thermodynamic limit to open-
circuit  voltage for the stated operating temperatures, and 0.52 eV bandgap is 420mV (at JL = 3.6 
A/cm2 / Trad=950°C).   In comparison, the radiative limit for the same diode with an absorbing 
back contact is 370mV due to the ~ nr

2 (nr is the index of refraction of the substrate) increase in 
radiative dark current14.   

 
AUGER LIMIT TO OPEN-CIRCUIT VOLTAGE 

 Auger recombination, unlike radiative recombination is an irreversible process, in that the 
recombination energy is lost as heat, whereas radiative events can be reabsorbed.  The Auger 
recombination rate per unit volume (UAuger) is given by: 



 

UAuger = Cnn2p+Cpnp2      (4) 
Where Cn and Cp are the Auger coefficients in units of cm6/s.  The total carrier densities n and p 
depend upon the ionized dopant density (NA and ND) and the excess electron-hole concentrations 
due to photogeneration (∆p = ∆n).  For a p-type semiconductor in low-injection (∆n << NA) the 
net Auger recombination rate can be reduced by lowering the background doping density, 
however, as the background carrier density approaches the excess carrier density (∆p ≈ NA) the 
absorbing region enters high-level injection, where the excess carriers dictate the minimum 
Auger recombination rate and thus optimum performance below the thermodynamic limit.   
 Determining the Auger-limited Voc from equations (2, 3, and 4) requires the solution of a 
cubic expression for carrier density as a function of doping (NA), light generated current (JL), 
thickness (W), and the Auger recombination coefficients.   At the asymptotic  limits of very low-
level (LLI) and very high-level injection (HLI) simplified expressions for the Auger-limited VOC 

can be expressed8: 

 









=−

WCNqn
J

ln
q

kT
V

pAi

LLLIAuger
OC 2

 ,    










+
=−

W)CC(qn
J

ln
q

kT
V

pni

LHLIAuger
OC 33

2
     (5-6)

    
Assuming an ambipolar Auger coefficient of 1×10-28cm6/s,  the intrinsic Auger limit(high-level 
injection limit) to open-circuit voltage in a 2.5µm thick 0.52eV InGaAsSb diode with a light 
generated current of 3 A/cm2 is 360 mV.  It is important to note that the Auger recombination 
significantly decreases the efficiency potential of a TPV diode below the thermodynamic  limit 
discussed in section 2.1.  For diodes with an absorbing back surface Auger recombination and the 
increased radiative losses contribute similarly to the parasitic heat transfer:  
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SURFACE-LIMITED OPEN-CIRCUIT VOLTAGE 

 Bulk-defect and surface recombination provide an additional and often dominant carrier 
recombination path that acts in parallel with the radiative and Auger processes above.  Defect 
recombination reduces the generated electrochemical potential energy below the intrinsic Auger 
limit.  Equation (8) gives the approximate expression for the surface recombination rates 
according to general semiconductor Shockley–Read-Hall theory [15].  The asymptotic  solutions 
(neglecting Auger and radiative losses) for the surface-limited open-circuit voltage are given in 
equation (9) and (10) for both the low-level (LLI) and high-level injection (HLI) regimes:  
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Where Sn and Sp are the surface recombination velocities for electrons and holes respectively, 
and p1 and n1 depend on the energy level of the defect (assumed here to be mid-gap levels) and 
represent the equilibrium hole and electron concentrations that would result if the Fermi level 
coincided with the defect level.  The requirements for surface recombination velocity (assuming 
Sn = Sp) to maintain the intrinsic Auger-limited open-circuit  voltage are approximated as (where 
NB is the background doping) : 



 

2
BP

injectionlow NWCS <<−   ,    

3
1

2

2 )(











 +
<<−

q

WCCJ
S pnLinjectionhigh

         (11-12) 

 Similar expressions for bulk Shockley Read Hall recombination due to mid-gap defect states 
yield requirements on the bulk Shockley Read Hall lifetime to maintain the intrinsic Auger-
limited VOC
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 Equations (12) and (14) indicate that for light injection currents under consideration, the 
interface recombination velocity and bulk defect lifetimes needs to be less than 200 cm/s and 
greater than 1 µs respectively to approach the high-level injection Auger limit.  Unlike Auger 
recombination, there is no conceptual bound to the minimum value of interface recombination 
velocity (S≥0) or bulk defect recombination, but rather the practical difficulty of achieving such 
high quality material.   
 

NUMERICAL SIMULATIONS 
 Numerical simulations of the semiconductor continuity equations using PC-1D version 5.5, a 
commercial photovoltaic simulator , were used to cross-check the limiting behaviors and physics 
discussed in sections 2.1-2.3.  The numerical simulator eliminates many of the simplifying 
assumptions used above, and calculates the device electrical characteristics when all competing 
processes occur in parallel.  The simulator does not calculate photon recycling; however this can 
be accounted for by specifying the corrected radiative coefficient (B/ϕ) for the appropriate 
optical boundary conditions, diode thickness, and absorptivity.   
 Figure 2 shows predicted efficiency and power density as a function of Auger coefficient 
with a back surface reflector at three diode temperatures between 27 °C and 100 °C assuming the 
same spectral performance in section 2.0 (above-bandgap light not absorbed in the diode but 
reflected by the BSR is conservatively not accounted for in the spectral efficiency).  Auger-
limited diodes with minimal defects operating in high-level injection (solid markers) are 
compared to diodes with typical parasitic interface and defect recombination (open markers).  
The lightly shaded blue region shows the region where best estimates for Auger coefficients in 
0.52 eV InGaAsSb exist.9   The curves illustrate that an aggressive limit to 0.52 eV InGaAsSb 
TPV thermal-to-electric conversion efficiency is 30% with a power density of ~0.9 W/cm2 for 
near room temperature operation.  For diode temperatures of 100°C the efficiency limit drops 
from 30% to ~20%, with a corresponding decrease in power density, and is due primarily to 
reduced open-circuit voltage. 
 Figure 3 shows the parametric numerical simulation of the diode open-circuit voltage as a 
function of P-type acceptor doping for several different interface recombination velocities with 
and without a perfect back surface reflector.  The predicted behavior and limiting magnitudes 
agree with the simplified expressions discussed in sections 2.1-2.3.  In high-level injection (NA < 
1017 cm-3) the Auger-limited voltage is ~370 mV,  however as the surface recombination 
increases beyond 100 cm/s, the voltage becomes severely degraded and follows the predicted 
behavior of equations (11) and (12).  In low injection (NA > 1017 cm-3) the voltage changes 
according to equations (5) and (9) depending on whether the device is Auger-limited or surface 
limited.  As seen in Figure 3b the presence of an absorbing back surface reduces the maximum 
open-circuit voltage below the Auger-limit due to the approximate order of magnitude increase in 
radiative flux emitted by the diode (i.e., reduced photon recycling).   
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FIGURE 2.  The predicted efficiency limits of 0.52eV InGaAsSb TPV diodes having effective photon 
recycling (i.e. designs having a back surface reflector) and high material quality, will ultimately be limited 
by Auger recombination.  Assuming the front surface spectral control shown in Figure 1, Figure 2 shows 
the projected thermal to electric conversion efficiency and power density for three different diode 
temperatures having 10% grid shading and a radiator emissivity of 0.9.  The performance projections are 
plotted as a function of Auger recombination coefficient and are shown for negligible bulk and interface 
recombination (solid markers) and for state-of-the-art material parameters (open markers).  The shaded 
blue band illustrates a range of Auger coefficients recently reported in the literature for ~0.5eV III-V 
diodes [9,10].   
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   (a)      (b) 
FIGURE 3.  (a) Simulated dependence of open circuit voltage as a function of background hole 
concentration in the p-type absorber for a two -pass photon recycled TPV architecture having a back 
surface reflector for different values of surface/interface recombination velocities (left hand figure).  (b) 
The right hand figure again shows the open circuit voltage as a function of background hole concentration 
in the p-type absorber however for a single pass architecture (perfectly absorbing substrate/back contact).  
The significantly higher obtainable voltages in the two-pass architecture are enabled by (i) the reduction in 
volume and (ii) recycling of radiative recombination energy within the active diode region. 

 
MINORITY CARRIER LIFETIME MEASUREMENTS 

 P-type InGaAsSb is chosen for the thick absorbing region and is therefore the largest 
contribution to the total diode recombination.  Recent time-resolved photoluminescence decay 
and RF photoreflectance measurements, have empirically determined many of the decay 
coefficients in P-type InGaAsSb material.  Table I summarizes the results: 
 Table I indicates that p-type InGaAsSb material quality exhibits good Shockley-Read-Hall 
lifetimes, and that recent improvements to heterojunction interface quality has reduced the 
surface recombination velocity to less than 100 cm/s.  Very little data currently exists for n-type 
0.52eV InGaAsSb material. 
 



 

Table I.  Summary of recombination coefficients in P-type InGaAsSb 
Recombination Coefficient Value Reference  
Auger Coefficient C = 1×10-28 cm6/s [9] 
Radiative Coefficient  B=1.5×10-10 cm3/s [19] 
Shockley Read Hall Lifetime τSRH ~ 1µs [18,20] 
Interface Recombination 
Velocity 

GaSb passivation ~1000-2000 cm/s 
AlGaAsSb passivation ~700 cm/s 
AlGaAsSb passivation, no growth 
interrupt < 100cm/s 

[20] 
[21] 
 

  
DIODE ELECTRICAL PROPERTIES 

 Various architecture 0.52eV InGaAsSb TPV diodes have been grown by MOCVD at both 
MIT Lincoln Laboratories and Sarnoff Corporation including shallow emitter N/P and thick 
emitter P/N architectures, see Figure 4.   In both cases GaSb (Eg = 0.74eV) and AlGaAsSb (Eg = 
1.0eV) heterojunction interface passivation has been investigated with the observation that the 
AlGaAsSb confinement provides the highest open-circuit voltage, which is in agreement with 
modeling and minority carrier lifetime measurements.  Both devices with AlGaAsSb passivation 
on the p-type absorber measure room temperature dark current densities of approximately 1×10-5 

A/cm2 with near unity ideality, whereas devices with GaSb p-type confinement have 
approximately 2x the dark current densities.  Currently, the device performance is insensitive to 
the choice of confinement on the n-type side.  Low (< 10 mΩ) series resistance and good fill 
factors of ~70% are routinely observed for both P/N and N/P architectures.   

P+ GaSb or AlGaAsSbwindow

P- InGaAsSb emitter (3-5µm)
P=5×1016cm-3 - 5×1017cm-3

N- GaSb or AlGaAsSb BSF

N- InGaAsSb base (0.2-1 µm)

N GaSb substrate

Front Grids

P+ GaSb contact layer

Ohmic Back Contact

N+ GaSb or AlGaAsSb window

N- InGaAsSb emitter (0.2-1µm)

P- GaSb or AlGaAsSb BSF

P- InGaAsSb base (3-5 µm)
P=5×1016cm-3 - 5×1017cm-3

P GaSb substrate

N+ GaSb contact layer

Ohmic Back Contact

Active 
Region

P-on-N InGaAsSb TPV N-on-P InGaAsSb TPV

Front Grids

P+ GaSb or AlGaAsSbwindow

P- InGaAsSb emitter (3-5µm)
P=5×1016cm-3 - 5×1017cm-3

N- GaSb or AlGaAsSb BSF

N- InGaAsSb base (0.2-1 µm)

N GaSb substrate

Front Grids

P+ GaSb contact layer

Ohmic Back Contact

N+ GaSb or AlGaAsSb window

N- InGaAsSb emitter (0.2-1µm)

P- GaSb or AlGaAsSb BSF

P- InGaAsSb base (3-5 µm)
P=5×1016cm-3 - 5×1017cm-3

P GaSb substrate

N+ GaSb contact layer

Ohmic Back Contact

Active 
Region

P-on-N InGaAsSb TPV N-on-P InGaAsSb TPV

Front Grids

 
FIGURE 4.  Typical P-on-N and N-onP InGaAsSb TPV diode architectures on GaSb substrates.   
 

P/N STRUCTURES 
 The P/N architecture has been the baseline device architecture for a number of years.  Figure 
5a shows the Voc-JSC relation measured for various illumination intensities of three different 
diodes with various lattice-matched caps and back surface passivation (AlGaAsSb and GaSb).  
The slope and magnitude of the curve gives the ideality and dark current density respectively, 
which in general vary with illumination level.  The lowest dark currents are measured with p-
type AlGaAsSb interface passivation, however the diode’s dark current appears to be insensitive 
to whether the n-type passivation material is GaSb or AlGaAsSb.  Three different simulated dark 
currents are also shown in the figure for diodes having C = 1×10-28cm6/s, τSRH = 1 µs, and: (i) An 
absorbing back surface and S = 1000 cm/s, (ii) an absorbing back surface and S = 20 cm/s and 
(iii) a reflecting back surface and S = 20 cm/s.  The simulated dark current density in case (iii) 
approaches the high-level injection Auger-limited open-circuit voltage.  The simulations show 
the expected gains in diode open-circuit voltage with improvements in photon recycling and 
minimizing defect recombination.  The lowest measured room temperature dark current is 
1.4×10-5 A/cm2 with an ideality of ~1.1 for diodes with p-type AlGaAsSb passivation;  P/N 



 

diodes with P-type GaSb passivation show room temperature dark current of 2.5×10-5 A/cm2 with 
an ideality of ~1.0.  Diodes measured were all 0.5 cm2.   
 

N/P STRUCTURES 
 Shallow emitter N/P structures have been enabled by the development of low-temperature 
annealed shallow contacts to n-type GaSb.22, whereas the p-type contact is simply made to the p-
type GaSb substrate.  Figure 5b shows the Voc-JSC relation measured for various illumination 
intensities of three different diodes with various lattice-matched caps and back surface 
passivation (AlGaAsSb and GaSb). Similar to the P/N structure the lowest dark currents are 
measured with p-type AlGaAsSb regardless of either GaSb or AlGaAsSb n-type passivation.  
The same 3 simulation cases as in the P/N structures are also shown in the figure.  As before, the 
simulations show expected gains in diode open-circuit voltage with improvements in photon 
recycling and material quality.  The lowest measured room temperature dark current for p-type 
AlGaAsSb passivation is similar to the P/N architecture at  ~1.5×10-5 A/cm2 with an ideality of 
~1.1. Interestingly, N/P diodes with P-type GaSb passivation show significantly higher room 
temperature dark current; based on the preliminary nature of the N/P development the origin of 
this large increase is not understood.  Diodes measured were all 0.5 cm2.   

P/N TPV diodes  Illuminated VOC - JLight  curves at 27°C
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   (a)      (b) 
FIGURE 5.  Variable illumination short circuit current density vs. open circuit voltage characteristics for 
various P-on-N ((a) left hand side) and N-on-P ((b) right hand side) diode architectures on GaSb substrates. 
 

Table II.  Summary of normalized voltage factors for P/N and N/P architectures 
using various  front surface and back surface passivation materials. 

InGaAsSb 
Architecture 

Front surface 
passivation 

Back 
Surface 
Field 

EGap (10% 
of EQE) 

Voc @ 1A/cm2 Voltage Factor 
at 1A/cm2  

 

P/N  #s2191 GaSb GaSb 0.522eV 276mV 53%  

P/N #m9916 AlGaAsSb 
 

GaSb 0.527eV 295mV 56%  

P/N #s3520 AlGaAsSb AlGaAsSb .527eV 295mV 56%  

N/P #s3321 GaSb GaSb 0.524eV 260mV 50%  

N/P #s3491 GaSb AlGaAsSb 0.527 295mV 56%  

N/P #s3495 AlGaAsSb   AlGaAsSb  .527 292mV 56%  



 

SUMMARY OF DEVICE ARCHITECTURES 
 Table II summarizes the open-circuit voltage data and quantum efficiency cutoff 
wavelengths for the samples shown in  Figures 4-5.  The open-circuit voltage is normalized to its 
value at 1A/cm2, and would be greater at expected current densities of ~3 A/cm2.  As mentioned 
previously N/P and P/N architectures exhibit equivalent dark currents and voltage factors using 
p-type AlGaAsSb confinement with no distinction between AlGaAsSb or GaSb confinement of 
n-type material.   Here, the voltage factor is the ratio of open circuit voltage divided by the QE 
cutoff energy.  With material improvements and a reflecting back surface, voltage factors are 
predicted to increase to approximately 66% (JL = 1 A/cm2) and 70% (JL = 3 A/cm2) near the high-
level injection Auger limit, representing nearly a 20% improvement.  
 

BACK SURFACE REFLECTORS 
 As discussed in Section 2, incorporating a reflecting back surface in the TPV architecture is 
needed to realize the maximum voltage.  In this section, preliminary results on back surface 
reflector InGaAsSb TPV diodes utilizing epoxy bonding and total substrate removal are 
presented23,24.  Figure 6 shows the schematic for a device fabricated by bonding with transparent 
epoxy a grid patterned N/P InGaAsSb TPV diode to a GaSb handle substrate, which has a pre-
deposited gold reflector.  The reflector is gridded and allows for a partial ohmic contact for ~10% 
of the surface area and a highly reflective surface for the remaining ~90%.  After bonding, the 
original GaSb substrate was removed via lapping and selective chemical etching to an InAsSb 
stop etch layer23.  After stop etch removal, front grids were deposited on the epitaxial layer.   

 
FIGURE 6.  Wafer transferred TPV diode architecture with full substrate removal and back surface 
reflector  
 
 The device was tested under various illumination conditions, see Figure 7a.  The device’s 
soft electrical characteristics indicate poor fill factor, due to a high series resistance probably due 
to contact adhesion problems, and possibly some shunting of the device due to damage during 
the processing.  Despite these flaws, the initial devices exhibit good open-circuit voltages under 
low/medium illuminations as exhibited by the JSC versus VOC curves, see Figure 7b, which also 
indicate a high ideality of approximately 2.  Care must be taken when drawing conclusions from 
Figure 7 since the parasitic resistance introduced during processing may obscure the undamaged 
diode behavior.  Unfortunately, further testing is not possible as the devices were damaged 
during testing at high currents during calibration. 
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FIGURE 7.  Current-voltage characteristics of wafer transferred back surface reflector devices  

 
IN-CAVITY MEASUREMENTS 

 The performance of a small TPV module using P/N 0.52eV InGaAsSb TPV diodes has been 
measured in a prototypic test cavity.  Efficiency in this test was calculated as the ratio of peak 
module electric power to total module heat absorption rate. These parameters were measured 
simultaneously to assure validity of the final efficiency value. Modules were built with both a 1 cm2 
and 4 cm2 area structure composed of two and eight cells, each 0.5 cm x 1.0 cm. A front surface 
filter11 is joined to both modules with epoxy.  The photonic cavity is prototypical of a flat-plate TPV 
generator design, where the radiator is a large flat silicon carbide surface.  The TPV module was 
fixed to the top of a copper pedestal to facilitate heat absorption measurements. The test was run in 
vacuum to eliminate conductive and convective heat transfer. Reference [24] gives details of  the test 
apparatus. 
 The photonic cavity provides an optimal test environment for TPV efficiency measurements 
because it incorporates all known phenomena found in a practical operating TPV system, such as: 
non-ideal radiator emissivity, full radiator spectral and angular dispersion, photon recycling, and 
complex module geometry.  
 Repeatable measurements yield a conversion efficiency of ~18-19% at a radiator temperature 
of 950 C and diode temperature of 27 °C using 0.52eV InGaAsSb TPV diodes with front surface 
spectral control.     Figure 8 shows the measured efficiency and power density versus radiator and 
diode temperature.   
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FIGURE 8.  Measured in-cavity thermal to electric conversion efficiency of nearly 20% have been 
measured  at radiator temperatures of 950°C and diode temperatures of 27°C for both 1cm2 (shown) and 
4cm2 modules.   Diodes used in the modules are the P-on-N architecture on GaSb substrates, using a mix 
of both p-type GaSb and AlGaAsSb confinement.  Figure 11 shows the measured efficiency  and power 
density    as a function of diode temperature. 



 

SUMMARY 
 Small scale TPV modules (4cm2) having InGaAsSb TPV diodes integrated with front surface 
filters have demonstrated 19% thermal-to-electric efficiency and ~0.55W/cm2 power density for 
hot side temperatures of 950°C and diode temperature of ~25°C.  Near term improvements of a 
few absolute percent are expected by incorporating improvements in interface recombination 
velocity into diodes used in the module.  Potential for nearly 30% efficient conversion efficiency 
(~0.9W/cm2) will require (i) aggressive processing techniques and (ii) InGaAsSb 
material/interface quality improvements to incorporate a suitable back surface reflector and to 
reduce parasitic absorption and non-radiative recombination.  Further characterization of the n-
type InGaAsSb material/interfaces is required to determine how/if this layer contributes 
significantly to the total dark current.   
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